INTRODUCTION
This map is a result of a study of the geology and mineral resource potential of the San Carlos Indian Reservation (Reservation) for the San Carlos Apache Tribe. The map provides new information on the geology of an area that contains the boundary between the Basin and Range Province on the south and the mountainous terrain that, in this part of Arizona, borders the southern structural margin of the Colorado Plateaus Province (herein referred to as the Colorado Plateau) on the north. In particular the map shows the great variety of Tertiary volcanic and sedimentary rocks typical of the northern part of the Basin and Range Province in east-central Arizona and the structural complications resulting from Cenozoic extension. Geology depicted in this map may aid in the interpretation of mineral resources between the copper mining areas of the Globe-Miami district to the west of the Reservation and the Morenci district to the east.
The San Carlos Indian Reservation, nearly 7,400 km 2 in size and extending a maximum of about 115 km east-west and 95 km north-south, is located in east-central Arizona 190 km east of Phoenix. Most of the Reservation consists of northwest-trending mountains and valleys, including the extensive area of mountains and plateaus along the Salt and Black Rivers at the north border. Drainage is mostly into the Gila River, which crosses the southern part of the Reservation. However, the northern part of the Reservation drains into the Salt and Black Rivers, and a small area at the southwest corner is in the drainage of the San Pedro River. A great variety of rocks is exposed on the Reservation. They range in age from Proterozoic to Quaternary and include Paleozoic strata, a few units of Mesozoic age, and extensive sedimentary and volcanic rocks and a granitic pluton of Cenozoic age. Isotopic ages are provided for many rock units (table 1, sheet 2). The geology of the area was mapped during the period 1983-1988, mainly by detailed reconnaissance but in some areas in considerable detail. Previously published detailed mapping (Lindgren, 1905; Willden, 1964; Krieger, 1968a,b; Simons, 1964 Simons, , 1987a Houser and others, 1985; Ferguson and Enders, 2000) is included in the map. The area along the north border between Chiricahua Butte and the Black River Pumping Station was mapped in reconnaissance in 1999.
To facilitate discussion of the geology, the map area is divided into four areas ( fig. 1 , sheet 1)-northern, central, southern, and eastern-based on distinctive geology and topography of each area. Each of these areas includes adjacent land outside of the Reservation. The northern area consists of mountainous highlands along the north margin of the Reservation and extends from the west border approximately to the eastern edge of the Natanes Mountains. To the south is the central area, trending east-southeast and composed mostly of mountains and intervening basins of the Basin and Range Province but also has the north boundary of that province.
In the eastern area, which parallels the east border of the Reservation, the northern boundary of the Basin and Range Province continues southeasterly from the central area and has high plains as well as mountainous terrain to the northeast of that boundary and the basin of Bonita Creek to the southwest. The Gila Mountains are at the southern margin of the eastern area. The southern area, containing high mountains, is divided from the central area by lowlands northwest of San Carlos Reservoir and along the Gila River.
PROTEROZOIC ROCKS
The oldest rocks on the San Carlos Reservation are Paleoproterozoic in age. They consist of gneiss (< P g) near the south border south of Bylas and the Pinal Schist (< P g) at scattered localities in the Gila Mountains and eastern and southern areas of the Reservation. The Paleoproterozoic age of the gneisses is inferred from their strongly foliated and gneissic character, which is typical of rocks of this age in southeastern Arizona. The Pinal Schist is known to be about 1,700-1,600 Ma (Conway and others, 1987) .
Rocks considered to be of Mesoproterozoic age include a mostly undated assemblage of basic to felsic intrusive bodies at Mt. Turnbull near the south border of the Reservation: widespread granitic rocks (< M g) correlated with the 1,460-1,430 Ma Ruin Granite of central Arizona, the Apache Group (< M am, < M ad, < M ap) and basalt (< M ab), and the Troy Quartzite (< M t) above the Apache Group. Strata of the Apache Group and Troy Quartzite rest depositionally on the Mesoproterozoic granite (< M g) and are intruded by diabase (< M d) dated at about 1,100 Ma (Damon and others, 1962; Banks and others, 1972; Silver, 1963 Silver, , 1978 . Zircons from tuffaceous beds in the Pioneer Shale (< M ap) at the base of the Apache Group have yielded a recently determined age of 1,328 Ma (Stewart and others, 2001) , and zircons from the Dripping Spring Quartzite (< M ad) higher in the Apache Group and from the overlying Troy Quartzite (< M t) have given ages, respectively, of 1,264 Ma and 1,256 Ma. The zircons from the Dripping Spring and the Troy are thought to represent volcanism approximately contemporaneous with deposition of these formations (Stewart and others, 2001 ). The northeasternmost exposures of the Apache Group, basalt, Troy Quartzite, and the diabase known in Arizona are on the Reservation.
PALEOZOIC ROCKS
Paleozoic strata on the San Carlos Reservation consist of marine sedimentary rocks that range in age from Cambrian to Pennsylvanian. Beds of Silurian age are missing. The section is thickest in the southern area where it attains a thickness of about 1,500 m, whereas the section is about half that thick in northern areas of the Reservation. Cambrian strata thin to the north and northeast, and some Cambrian units change in composition and become time-transgressive (Hayes, 1975) . Ordovician strata are found at the eastern end of the Nantac Rim and on Pistol Creek near its junction with Eagle Creek at the east border of the Reservation. Elsewhere to the west, strata of this age are absent. Devonian and Pennsylvanian strata vary locally in composition and thickness. Compositional variations are less apparent in the Mississippian rocks, though they thin greatly from south to north.
MESOZOIC ROCKS
Rocks of Mesozoic (Cretaceous) age crop out near the southwest corner of the Reservation and in the CliftonMorenci area east of the Reservation. Sedimentary rocks (Ks) at the southwest corner of the Reservation include sandstone, conglomerate, and minor amounts of limestone, siltstone, shale, and coal (Kc); these are overlain by andesite flows (Kv) . The sedimentary section is 90-460 m thick, and the volcanic rocks are estimated to be 600-900 m thick. Some of the sedimentary rocks have been converted to garnetite and hornfels adjacent to the Santa Teresa Granite (Tst) of Tertiary age. Andesitic plugs, sills, and dikes of Cretaceous age intrude the sedimentary and volcanic rocks. Nearby to the north in Granite Basin, a Cretaceous dacite porphyry laccolith (Ki) intrudes the Pennsylvanian Horquilla Limestone (*Mu). Mesozoic sedimentary rocks in the Clifton-Morenci area consist of shale and sandstone of the Pinkard Formation (Kp).
TERTIARY OR CRETACEOUS ROCKS
Rocks assigned to the Cretaceous or Tertiary Periods crop out in three small areas of the Reservation, one near the east border and two near the west border. On the west side of lower Bonita Creek, at the southeast corner of the Reservation, a small outcrop of propylitically altered rocks (TKv), perhaps in part epiclastic, is correlated with a larger area of Cretaceous or Tertiary volcanic rocks a few kilometers south of the Reservation, north of Safford ( fig. 1 , sheet 1). Although dates from these rocks are inconclusive, they suggest that these volcanic rocks and associated quartz monzonitic and granodioritic porphyries (TKg) span the interval between the Late Cretaceous and early Tertiary (70-50 Ma) (Houser and others, 1985) .
On the west side of the Reservation, two small stocks of granodiorite (TKgp) and associated dikes crop out west of Sevenmile Wash, a few kilometers east and southeast of Chrome Butte. The rocks intrude the Apache Group and are strongly altered. Their age is uncertain but they resemble porphyries of Cretaceous or Tertiary age in the Sonora quadrangle southwest of the Reservation (Cornwall and others, 1971) , the Globe-Miami district west of the Reservation (Peterson, 1962) , and the Christmas area adjacent to the Reservation on the southwest (Koski and Cook, 1982) . A porphyry dike 10 km north of Coolidge Dam also may be of Tertiary or Cretaceous age.
CENOZOIC ROCKS
A great variety of sedimentary and igneous rocks, amounting to roughly two-thirds of the exposed bedrock in the Reservation, accumulated during the Cenozoic Era. Rocks from each epoch of the Tertiary Period are represented. Isotopic ages are available for many of the igneous rocks. A small rhyolite intrusive body (Tr) near the southwest corner of the Reservation and four small intrusive bodies in the Clifton-Morenci area (Tpu, Tgp, Tmp, Tdp) are the only rocks of Paleocene age. An intrusive breccia (Tibx) near Morenci is Eocene in age, and a few andesite flows and breccias, basalt and dacite flows (Tawf), and intrusive rocks (Tawi) near the northeast corner may be of Eocene age. In contrast to rocks of Paleocene and Eocene age, rocks of Oligocene age are abundant. Locally in the central and southern areas of the Reservation the Whitetail Conglomerate(?) (Tw) crops out at the base of the Oligocene section, though in the northern area of the Reservation the Whitetail underlies volcanic rocks of Miocene age (Tbn). The Whitetail contains clasts of Proterozoic and Paleozoic rocks and either no volcanic material or locally a volcaniclastic matrix. Volcanic rocks of Oligocene age are numerous (see Correlation of Map Units) and widespread and consist of thick accumulations of andesitic and basaltic lavas (Tab, Tabv, Tgad) together with less extensive intrusive and extrusive dacite (Tda, Tsv, Tdpf, Tdpw, Tdpi, Tad, Tvd, Tdr, Tvs, Tvu), rhyolite (Tsv, Tir, Tirs, Tem, Ttnu, Ttnl, Tta, Tvr, Tvrb, Tgr, Tvs, Tvu) , laharic breccia (Tl), and silicic rocks of uncertain composition (Tgh, Tvt). These Oligocene rocks and overlying andesite (Tpt, Tab, Tgua), basalt and basaltic andesite (Tbn, Tab, Tvu) of early Miocene age constitute the most extensive rocks of Cenozoic age on the Reservation. The Tertiary volcanic rocks have been classified according to the system adopted by the International Union of Geological Sciences (Le Bas and Streckeisen, 1991) . Chemical analyses ( fig. 2 ; table 2, sheet 2) from rocks extensively exposed across the northern, central, and eastern areas of the Reservation have an alkaline trend. This alkaline trend is typical of mid-Tertiary volcanic rocks in the Basin and Range Province and mountainous terrain of Arizona (Nealey and Sheridan, 1989) . Oligocene and Miocene andesitic rocks also are widely exposed in southern Arizona and adjacent parts of New Mexico (Dickinson, 1989 ). An analysis of one representative example of these rocks from the Guthrie quadrangle southeast of the Reservation ( fig. 2 ; table 2) also is alkaline and plots as trachyandesite ( fig. 2) . A batholith composed of the Santa Teresa Granite (Tst, Tstp, Tstb) of late Oligocene age that crops out in the southern area of the Reservation south of Mt. Turnbull is the largest Cenozoic intrusive body on the Reservation.
A variety of igneous and sedimentary rocks of Miocene to Pliocene age also crop out throughout the Reservation. These include dacite flows (Tdf, Tda, Tdmf, Tdft) and intrusive bodies (Tdf) and the physiographically prominent dacite plugs (Tdmi) at Mt. Triplet in the central area of the Reservation. The Gila Conglomerate (QTga,Tgs, Tgc, Tgcb, Tgsb, Tgls, Tgv Tgl, Tgcm, Tgm) of Miocene, Pliocene, and Pleistocene(?) age, exposed mainly along the Gila River, the San Carlos River, Bonita Creek, Eagle Creek and in the northeastern part of the area is the most widespread sedimentary unit on the Reservation. In most basins of the San Carlos Reservation, the Gila Conglomerate consists chiefly of proximal through distal alluvial-fan facies sedimentary rocks derived from the adjacent ranges, though axial stream deposits are present at the top of the sedimentary section in Bonita Creek basin. In the Gila River valley and on the east side of the San Carlos River valley, distal-fan facies rocks grade to and are interbedded with calcareous basin-center facies rocks consisting of shoreline, playa, and lacustrine facies. The lacustrine facies rocks are highly calcareous and in places are made up entirely of microbial mats or stromatolites. Lacustrine deposits indicate that a large shallow lake covered many square kilometers from northeast of Peridot southeast almost to Bylas. Basalt flows, interbedded with all facies of the Gila Conglomerate, locally are common in the central and southern parts of the Reservation but are absent in the eastern part.
In nearby basins in southeastern Arizona and southwestern New Mexico, the Gila Conglomerate commonly is composed of two major sedimentary packages that have been fig. 1, sheet 1) . Numbers refer to table 2 and location on geologic map. Discrimination lines are based on IUGS systematics of igneous rocks (LeBas and Streckheisen, 1991) . Symbols plotted using analyses recalculated volatile-free.
termed lower basin fill and upper basin fill. This separation is based on age, degree of consolidation, and amount of deformation (Houser and Gettings, 2000) . Lower basin-fill deposits generally are middle to late Miocene in age, moderately consolidated, slightly to moderately deformed with dips of as much as 15˚ (higher adjacent to faults), and broken by numerous faults. Upper basin-fill deposits generally are Pliocene and Pleistocene in age, poorly consolidated, flat lying or nearly so, and broken by only a few faults. The two deposits are separated by an unconformity representing a hiatus of several million years.
Both deposits are present on the Reservation but in most areas were not differentiated in the field and, in areas where they were differentiated, are not shown separately on the map. The muddy sandstone and conglomerate member of the Gila Conglomerate (Tgm) in Bonita Creek basin consists of lower and upper basin fill separated by an unconformity or paraconformity. The other basin-fill unit, the conglomerate and associated sedimentary rocks member (Tgc), was not investigated with regard to the presence of upper and lower basin fill. Well-indurated, dipping and faulted limestone beds (Tgls) exposed along Highway 70 south of Mt. Triplet are upper basin-fill rocks deformed by nearby volcanic activity.
Pliocene volcanic rocks include extensive basalt flows on Antelope Flats (Tbgf) northeast of San Carlos and in the Bronco Gulch area northeast of San Carlos. Numerous basaltic diatremes (Tbv) of Pliocene age crop out in lowlands in the central part of the Reservation. The basalt of Bronco Gulch (Tbgf) of late Pliocene age (2.0±0.1 Ma) flowed down channels cut into basin-fill deposits of the Gila Conglomerate (Tgc) and its contained basalt flows (Tbf) and limestone deposits (Tgls, Tgl), suggesting that the modern through-flowing drainage system of the Gila River began about this time in this area. Pleistocene basalt flows (Qbpf) immediately southwest of San Carlos contain numerous olivine-rich peridotite nodules and are the youngest Cenozoic volcanic rocks on the Reservation. Other Quaternary deposits consist of basalt flows (QTb), piedmont gravels (Qp), terrace gravels (Qg), alluvial and colluvial sand, silt, and gravel (Qsg), calcareous tufa (Qct), landslide masses (Ql), talus (Qt), and stream alluvium (Qa).
STRUCTURAL GEOLOGY
The San Carlos Reservation straddles the boundary between the structural continuation of the Colorado Plateaus Province in the northern part of the Reservation and the Basin and Range Province in the southern part. The mountainous area in the Reservation north of the boundary includes the Natanes Plateau, the Nantac Rim, and the Sevenmile Mountains ( fig. 1, sheet 1 ) and is included in the Mountain Region by Ransome (1904 Ransome ( , 1923 and the Transition Zone by Bromfield and Shride (1956) and Wilson and Moore (1959) . Sharp (1940) recognized that the Transition Zone has flat-lying strata and relatively few faults characteristic of the Colorado Plateau but extends south of the Mogollon Rim, which defines the physiographic southern margin of the Colorado Plateau in central Arizona. The Mogollon Rim is approximately 50 km north of the Reservation.
Northwest trends of the mountain ranges and major faults and the tilt of the mountain blocks are principal features of the structural geology of the Reservation. Northeast of a line from Chrome Butte southeast to Bylas on the Gila River ( fig. 1) , the mountain blocks tilt to the northeast, whereas southwest of that line the blocks tilt to the southwest. Major faults northeast of this line are sparse, but those that have been identified dip to the southwest and the sense of displacement is down to the southwest. In the area southwest of the line, most of the major faults dip to the northeast and have displacements down to the northeast. Many of the larger faults are here considered to have a listric geometry. The Deer Creek Syncline near the southwest corner of the Reservation is the most prominent fold in the Reservation.
A few thrust faults of Tertiary age are present in the Hayes Mountains ( fig. 1) , and low-angle normal faults are present on a small butte immediately south of the Sevenmile Mountains, near the east end of the low unnamed ridge that trends southesterly from Chrome Butte at the west border of the Reservation, and at scattered localities in the southern part of the southern area. Paleozoic rocks at the east end of the unnamed ridge may have traveled more than 15 km, the distance northward to a small remnant slice of possibly structurally related Devonian rock above a low-angle fault on an isolated butte near the base of the Sevenmile Mountains. The largest out-of-place rock masses in the southern part of the Reservation are 2 km in longest dimension and adjacent to the east side of the Santa Teresa pluton at Fiddler Camp Spring and White Spring. These are the Fiddler Camp Spring and White Spring klippen. Their origin is obscure. They and smaller displaced masses in the southern area are not associated with regional thrust faults or extensive low-angle normal faults. The bodies at Fiddler Camp Spring and White Spring contain the same kinds of Proterozoic rocks that crop out nearby, but they also contain Paleozoic rocks whose nearest exposures are more than 10 km to the west across the ridge that exposes the Santa Teresa Granite. Those Paleozoic rocks undoubtedly extended farther east into the region now occupied by the granite. The Fiddler Camp and White Spring bodies and adjacent smaller dislocated masses may have slid off a rising and partly denuded pluton before the granite mass reached its present height and cut off the supply of Paleozoic rocks to the west. Judged by the proximity of Proterozoic rocks to the north, the White Spring mass slid onto granite close to its upper contact.
Restricted basins were developed beginning in the early Oligocene with the onset of volcanism. Indirect evidence for a deep basin on the Reservation in the Oligocene and early Miocene is provided by volcanic rocks as thick as 3,000 m in the southern part of the reservation compared to a thickness of 1,000 m in the northern part.
Basin and range block faulting, which created the present topography of the Reservation, began in southeastern Arizona between about 18 and 12 Ma (Houser and others, 1985) . The various members of the Gila Conglomerate of late Miocene, Pliocene, and Pleistocene age were deposited in basins south of the Nantac Rim and lap onto tilted fault blocks containing rocks as young as early Miocene in age. These basins developed after eruption of the basalt of the Natanes Plateau ( fig. 1 ), which has been displaced down to the south by basin and range faults and has yielded an age as young as 16.7±0.4 Ma. By the time the oldest basalt interbedded with the Gila Conglomerate in the Hayes Mountains had erupted at 7.8±0.3 Ma, the Gila basin was well developed.
As mentioned above, the Gila Conglomerate consists of lower and upper basin-fill units separated by an unconformity representing a hiatus of several million years. In other basins of southeastern Arizona and southwestern New Mexico, radiometric dates indicate the hiatus lasted about 4 Ma, from about 10 Ma to 6 Ma (Houser and Gettings, 2000) . The regional extent of the unconformity and the difference in the amount of deformation between lower and upper basin-fill units suggest that a significant change in tectonic activity occurred at the end of the Miocene in part of the southern Basin and Range Province, followed by renewed subsidence of the basins during the Pliocene. (Ferguson and Enders, 2000) , and K-Ar ages of 20.9±0.8 Ma and 20.6±0.7 Ma from whole rocks from locality E22 (Marvin and others, 1987) , 21.7 Ma (± not available) from biotite and 20.0 Ma from sanidine from locality E21 (Schroeder, 1996) (Houser and others, 1985) . Maximum exposed thickness at least 300 m. Whole-rock K-Ar ages of 31.1±0.5 Ma from locality E13b (map and table 1) (Strangway and others, 1976) , 27.6±1.4 Ma from locality E13a (Strangway and others, 1976), 27.7±0.4 Ma from locality E9, 26.6±0.6 Ma from locality E16 (Houser and others, 1985) , 26.1±0.9 Ma from locality E4 (Marvin and others, 1987; Bromfield and others, 1972) (Houser and others, 1985) . Shown by Houser and others (1985) as older than 24.5 Ma Granite porphyry (Paleocene)-Gray, greenish-gray, and tan intrusive granitic porphyry consisting of older and younger granite porphyries of Ferguson and Enders (2000) in stock of highly irregular outline at Morenci Mine. All except center of unit is older porphyry, granodiorite to quartz monzonite in composition, containing quartz phenocrysts and highly abundant rectangular plagioclase and less abundant orthoclase phenocrysts in aphanitic groundmass of albite, quartz, and orthoclase. Older porphyry has well-developed quartz-sericite stockwork, pervasive quartz-sericite-pyrite alteration, and supergene minerals and occupies several plugs and dike swarm (not shown) in central part of Morenci district. Younger porphyry at center of stock occupies laccolith-shaped plug consisting of bipyramidal quartz, subordinate orthoclase, euhedral plagioclase, and chloritized biotite phenocrysts in very fine grained matrix of quartz, plagioclase, and sericite. Younger porphyry pervasively sericitized and argillized; lacks through-going veins and stockwork mineralization. K-Ar age of 57.6±2.2 Ma from biotite from locality E25 (map and table 1) reported for older porphyry (Bennett, 1975) Tmp Monzonite porphyry (Paleocene)-Crops out as elongate stock at Morenci Mine and as dike swarm (not shown; Ferguson and Enders, 2000) . Gray to greenish gray and brownish gray, consisting of abundant andesine to oligoclase phenocrysts, subordinate, variable amounts of biotite, and rare quartz in microcrystalline groundmass of feldspar and quartz. Biotite originally abundant but rarely preserved. Composition described by Ferguson and Enders as ranging from tonalite to granodiorite. Abundant quartz-sericite stockwork and pervasive quartz-pyrite alteration obscure original texture and chemistry. In mine area, secondary chalcocite mineralization and supergene alteration abundant in sulfide zone underlying oxidized and leached zone of iron oxides and local copper oxide minerals. K-Ar ages of 56.5±1.7 Ma from biotite from locality E11 (map and table 1 ; McDowell, 1971) and 61.7±2.8 from feldspar from unidentified locality in Morenci area (Ferguson and others, 2000) Tdp Diorite porphyry (Paleocene)-Light-gray to greenish-gray hornblende diorite porphyry in southwestern part of Morenci Mine area (Ferguson and Enders, 2000 (Houser and others, 1985) . All rocks variously altered. Paleocene age suggested by isotopic ages reported by Houser and others (1985) Wrucke, 1989 , for summary of age data)
DESCRIPTION OF MAP UNITS
Granite (Mesoproterozoic)-Red to gray granite widely exposed east of Black Mesa and from Reservation border east to central Clifton-Morenci area. Biotite bearing, locally porphyritic from orthoclase megacrysts as large as several centimeters wide. Composition ranges from granite to monzogranite and granodiorite. Locally includes dikes and irregular bodies of red aplite and porphyritic granite (Ferguson and Enders, 2000) . Weathers to grus (Shafiqullah and others, 1980) , and 3.6±0.4 Ma from locality S19 (Anderson, 1988 
